1. Forewords {#sec0005}
============

During the past hundred years or so investigations on retroviruses have triggered seminal discoveries in biology and medicine such as that of oncogenes and their implications in cancer ([@bib0170], [@bib0215], [@bib0690], [@bib0765], [@bib0775], [@bib0780]) and the fact that retroelements constitute a large fraction of all eukaryotic genomes acting as a driving force in genome plasticity and evolution ([@bib0075], [@bib0590], [@bib0695]).

In this context, our understanding of the structure and functions of the retroviral nucleocapsid protein (i.e. NC) has come a long way since the first descriptions of *oncoretroviruses* and the oncoviral nucleoprotein ([@bib0515], [@bib1195], [@bib0430]). Initially studies on the retroviral NC focused on that of *alpharetroviruses* and *gammaretroviruses*, namely avian sarcoma leukosis viruses (ASLV) and the murine leukemia viruses (MuLV), respectively. This has fueled a large number of multidisciplinary studies on HIV-1 NC structure and functions as well as on NC of ancient yeast retroelements ([@bib0560], [@bib0590], [@bib0695]) and on NC-like proteins encoded by *Flaviviruses* as well as other RNA viruses ([@bib0340], [@bib1000]).

The retroviral NC story began with the isolation of large ribonucleoprotein complexes (RNPs) ([@bib0430]) from purified viral particles of ASLV and MoMuLV, which were able to support viral DNA synthesis. These viral RNP complexes, consisting of the 60--70S genomic RNA dimer coated by about 2000 NC molecules, represent the most stable inner structure of the viral particle, with a circular chromatin-like conformation ([@bib0280], [@bib1110]). These viral RNPs or nucleocores also contain molecules of the viral reverse transcriptase (RT) and integrase (IN) enzymes together with molecules of cellular tRNAs and ribosomal RNA ([@bib0280], [@bib0395], [@bib0470]).

The hallmark of all retroviral NC proteins, with the exception of Foamy viruses ([@bib1265]), is the presence of one or two small highly conserved CX~2~CX~4~HX~4~C (CCHC) motifs called zinc fingers (ZFs) or zinc knuckles that bind zinc ions with high affinity ([@bib0135], [@bib0970], [@bib0975], [@bib1285], [@bib1280]), and that are flanked by unstructured basic sequences. In retrospect, some 38 years ago NC of *alpha*- and *gamma*retroviruses was first isolated from purified virions and considered to be an unspecific nucleic acid binding protein (NABP) with some preference for single stranded sequences within structured RNA domains ([@bib0425]).

Thirty years of multidisciplinary research, notably on HIV-1, radically changed our views since NC was discovered to be a potent nucleic acid chaperoning factor exerting key functions throughout the virus replication cycle. In addition to being a viral structural protein, NC assists the viral RT enzyme throughout viral DNA synthesis ([@bib0020], [@bib0095]), ensuring viral DNA completion and maintenance during the early phase of retrovirus (RV) replication (reviewed in [@bib0090], [@bib0395], [@bib0375], [@bib0390], [@bib0920], [@bib1175], [@bib1170], [@bib1310], [@bib1410]). At the same time NC was found to foster recombination reactions during reverse transcription of the dimeric viral RNA template, generating a large genetic diversity that precludes a sustained antiviral immune response and causes the emergence of antiviral resistance ([@bib0205], [@bib0315], [@bib0570], [@bib0580], [@bib1075], [@bib1090]). At the start of virus assembly during the late phase, NC initially as part of the structural polyprotein Gag drives specific interactions between the ZF region of NC and specific sequences in the 5′ leader of the genomic RNA causing its dimerization and forming a GagNC assembly plateform ([@bib0290], [@bib0365], [@bib0955], [@bib1010], [@bib1060]). Later in assembly, the mature NC molecules drive the maturation of the 60S RNA ([@bib0530], [@bib0545]) and condensation of the core structure that ensures stability of the viral particle while exerting a negative control over the reverse transcription reaction ([@bib1005], [@bib1045]).

This review aims at presenting a brief retrospect on the retroviral NC protein, now recognized as a central player during retrovirus replication ([Fig. 1](#fig0005){ref-type="fig"} ). In addition we will discuss the notion that NC protein is endowed with a high level of flexibility ([@bib0505], [@bib1400]), which may account for its multiple functions as a viral DNA and RNA chaperone during virus replication. Due to its multiple implications in HIV replication NC represents an ideal target for anti-HIV drugs, which will also be reviewed here.Fig. 1Schematic representation of HIV-1 replication. (a) The early steps of HIV-1 replication. The implications of mature NC protein (NCp7) are at the levels of (I) the structure of a stable, condensed nucleo-core where 1500--2000 NC molecules coat the dimeric RNA genome of 60S, providing protection and negatively regulating reverse transcription; (II) virus infection is mediated by molecular recognition and interactions between the virus trimeric SUgp120-TMgp41 proteins and the cellular CD4 receptor and CCR5 coreceptor at the plasma membrane (PM), that are believed to be augmented in vivo by peptides present in the semen (SEVI; see Section [4.1](#sec0045){ref-type="sec"}). Next the viral core (III) is delivered into the cytoplasm where two dynamic processes take place, namely partial core uncoating and viral DNA (vDNA) synthesis. (IV) Viral DNA synthesis by the viral RT enzyme, chaperoned by NC molecules from initiation to completion; this slow process (6--12 h in cells effectively targeted by HIV-1 in vivo (see Section [4.1](#sec0045){ref-type="sec"})) is believed to be facilitated by the viral VIF and TAT proteins and by the cellular SEVI that are all nucleic acid chaperones. In the absence of VIF expression in virus producer cells, the restriction factor APOBEC 3G can be incorporated into the newly made viral particles by interacting with NC, which in turn causes deamination of C residues in nescent cDNA. (V) Once the viral DNA flanked by the LTRs is made it is found in a poorly defined molecular complex called the preintegration complex (PIC) ([@bib0050]). Integrity of the vDNA is essential since the LTR ends called inverted repeats (ir) are required for the IN-mediated integration of the vDNA into the host genome. Protection of the LTR ends against cellular exonucleases such as TREX-1 ([@bib1430]) is thought to be mediated by the binding of molecules of NC and IN. In agreement with this notion, mutating the highly conserved CCHC zinc fingers results in partial trimming of the LTR DNA ends ([@bib0225], [@bib1300]), which impairs vDNA integration. (VI) Once the PIC is actively delivered into the nucleus via the NPC (nucleopore complex), the tetrameric IN enzyme in a complex with the cellular helper factor LEDGF/p75 mediates vDNA integration into the host genome. This reaction is believed to be chaperoned by NC but this is still a matter of debate. Also once in the nucleus and before its integration the vDNA can be expressed to produce the viral factors TAT, REV and NEF that are essential for the late steps of HIV-1 replication and the immune response ([@bib1425]). (b) Schematic representation of the late steps of HIV-1 replication. (VII) The integrated proviral DNA is transcribed by the host cell RNA polymerase B machinery, with the assistance of the viral trans-acting factor TAT at the levels of initiation and elongation ([@bib1420]). The newly made full length (FL) vRNA is either exported from the nucleus which requires the viral protein REV bound to the RRE or spliced to generate the single and multiple spliced subgenomic RNAs. (VIII) The Gag and GagPol polyprotein precursors to the structural proteins and enzymes, respectively, of the virus are synthesized by the host cell translation machinery using the FL RNA as the messenger RNA template. This is carried out by an original mechanism whereby the host ribosomes directly bind to sequences within the multifunctional 5′ leader, involved in RNA synthesis, splicing and export, and translation, dimerization and packaging, and vDNA synthesis. Such a small domain is called internal ribosome entry site (IRES), which ensures a high level of viral translation throughout the cell cyle, notably in the G2M arrest caused by the viral protein VPR ([@bib0080]). (IX) As soon as Gag accumulates in the cytosol several Gag molecules recognize and bind to the 5′ Packaging region of the FL viral RNA (such as SL2; see [Fig. 2](#fig0010){ref-type="fig"}d). This in turn would render the 5′ leader inaccessible to translating ribosomes due to structural rearrangements (see text) together with the presence of bound Gag molecules ([@bib0785], [@bib0790], [@bib0795]). Thus the specific interactions between the NC domain of Gag, notably the ZFs, and the Psi packaging signal would cause a functional switch from translation to virus assembly, representing the nucleation event where the FL RNA acts as the initial platform or scaffold for Gag assembly. (X) Further to the nucleation event, another molecular switch takes place at the opposite end of Gag where the N-terminal myristate becomes accessible, and addresses the Gag--RNP complexes to cellular membranes to pursue and complete virus assembly via interactions with, and recruitment of viral and cellular proteins and NAs ([@bib0290], [@bib0535], [@bib0685]) and references therein. (XI) As virion formation progresses, GagPol and Gag become oligomeric which in turn activates the viral protease (PR). Subsequently the viral PR processes Gag and GagPol in a sophisticated manner, first giving rise to MAp17 and NCp15, and RT. Ultimately, upon and/or during virus budding the fully mature Gag proteins are generated, notably NCp7, leading to core condensation while the dimeric RNA genome becomes a mature 60S competent for reverse transcription.

2. NC from a simple nucleic acid binding protein (NABP) to a multifunctional all-in-one nucleic acid chaperone {#sec0010}
==============================================================================================================

2.1. Characterization of NC protein as the major viral RNA ligand {#sec0015}
-----------------------------------------------------------------

The interactions between NC protein and the genomic RNA in alpha- (RSV) and gamma-RV (MoMuLV) virions were initially examined using UV light at 252 nm for cross-linking since this approach allows the specific spatial relationship of certain amino acids and RNA bases to be characterized (see [@bib0230]). Results showed that NC was by far the major protein tightly bound to the genomic 70S RNA in the nucleocapsid ([@bib0405], [@bib0980], [@bib1135], [@bib1305]). But these results were obscured and a matter of intense debate because MAp19 protein of RSV and pp12 protein of MoMuLV were originally reported to be the viral proteins tightly linked to the genome in virions ([@bib0400], [@bib1225]).

The NC cross-linked RNA fragments were recovered and upon sequencing it was found that NC tightly binds a small number of genomic RNA sites rich in U and G residues, located in the multifunctional 5′ untranslated leader region (5′ UTR) ([@bib0370], [@bib0400], [@bib0980], [@bib1305]). This was of special interest since these sites are close to the dimer linkage structure (DLS) ([@bib0400], [@bib1135]) that holds together the two genomic RNA in the virion nucleocapsid ([@bib1065]), and the DLS is part of the packaging psi signal ([@bib1145]). These findings suggested that NC interaction with high affinity sites presents in the 5′ leader region, close to the DLS, might be required for the selective packaging of the genomic RNA during virus morphogenesis ([@bib0015], [@bib0910]). In fact, mutations in the ZF or flanking basic residues of NC have a strong negative impact on genomic RNA packaging as initially reported for RSV and MoMuLV and later for HIV-1 ([@bib0015], [@bib0485], [@bib0640], [@bib0995]) (see section on NC functions in the late phase of RV replication, [Fig. 1](#fig0005){ref-type="fig"}b).

2.2. The original reports on NC functions {#sec0020}
-----------------------------------------

In the 1980s, two series of findings effectively kick-started the NC story. Firstly, NC was shown to be the driving force in genomic RNA selection, dimerization and packaging during ASLV and MoMuLV assembly ([Fig. 1](#fig0005){ref-type="fig"}IX and X) ([@bib0630], [@bib0990]). Secondly, NC was found to direct viral RNA dimerization in vitro and annealing of the replication primer tRNA to the genomic primer binding site (PBS) both in vitro and in ASLV and MuLV virions ([@bib0380], [@bib1130], [@bib1140]). This second series of observations led to the discovery that NC was a viral protein having potent nucleic acid chaperoning activities that was later found to be necessary for bona fide proviral DNA synthesis (reviewed in [@bib0395], [@bib1175]). These findings have since been confirmed ([@bib0025], [@bib0060], [@bib0095], [@bib0225], [@bib0410], [@bib0585], [@bib0605], [@bib0640], [@bib0630], [@bib0680], [@bib1440], [@bib1445]) paving the way for attempts to identify anti-HIV drugs specifically targeting NC ([@bib0210], [@bib0455], [@bib0500], [@bib0620], [@bib0665], [@bib0820], [@bib1040], [@bib1185], [@bib1190], [@bib1215], [@bib1335]).

2.3. Large scale synthesis of RV NC proteins and zinc binding {#sec0025}
-------------------------------------------------------------

Originally NC proteins were purified from RV virions ([@bib0425], [@bib0720], [@bib0710], [@bib0725], [@bib0715], [@bib0750], [@bib1140], [@bib1135]) and later from recombinant *Escherichia coli* or synthesized in vitro by chemical methods (see below) and found to bind a wide variety of nucleic acids (NA) molecules with a preference for the genomic 70S RNA ([@bib0405], [@bib1415]). Accordingly, the relative affinity of in vitro synthesized NC protein for retroviral RNA, DNA and oligonucleotides is in the order 'retroviral RNA \> ssDNA \> dsDNA \> oligonucleotides' where the apparent affinity constant for the genomic RNA is 5 × 10^7^  M^−1^, about 25 times higher than that for poly(rA) ([@bib1435]).

NC from various retroviruses such as NCp12 from ASLV, NCp10 of MoMuLV, NCp12 from BLV and NCp15 from HTLV have been sequenced and comparison of their primary sequences revealed the presence of a common highly conserved CCHC domain ([@bib0320], [@bib0325], [@bib0720]), later called zinc fingers (ZFs). Up to the 90s NC protein was purified from virions or recombinant bacteria. Therefore, in addition to a series of affinity or mass exclusion chromatographies, the protein solutions were treated with reducing agents (β mercapto and DTT) in the presence of EDTA. As a consequence, the initial RNA binding experiments showed that the stoechiometry and affinity of NCs for various RNA/DNA substrates were independent from zinc ions ([@bib0260], [@bib0850]). These data were reinforced by results from the group of Leis who showed that the CCHC domain was essential for viral replication but not required as a zinc binding domain ([@bib0825]). However it remained that the CCHC sequence was a zinc binding domain as suggested by [@bib0135]. In support of this notion, site directed mutageneses of zinc ligands namely the cysteine or histidine residues were found to render the virus replication defective ([@bib0635], [@bib0985]). At last original biophysical studies notably by NMR demonstrated that one zinc atom was interacting per CCHC domain ([@bib0165], [@bib0265], [@bib1280]) which in turn was causing a structural organization of the primary CCHC sequence around the zinc ion ([@bib1250], [@bib1285]).

Therefore it is likely that the lack of consensus on the role of zinc in NC activity and structure was due, at least in part, to the purification method. This is why it appeared necessary to in vitro synthesize NC proteins in order to tightly control the oxidation state of the cysteine residues. The first attempt was carried out on MoMuLV NCp10 which is 56 residues long with one zinc finger flanked by basic residues. NCp10 was obtained in a pure form by solid phase peptide synthesis (SPPS) using the tBoc strategy ([@bib0330]). However the tBoc chemistry was found to exhibit a number of drawbacks that hamper the synthesis of large peptides. This is why in a next step the synthesis of the HIV-1 NC protein was performed using the Fmoc chemistry. HIV-1 NC contains two zinc fingers surrounded by a series of basic residues and the first NC obtained represented the 1--72 sequence corresponding to fully mature NCp7 (55 residues) and spacer peptide sp2 (56--72) ([@bib0370], [@bib0440], [@bib0445], [@bib0450], [@bib0480], [@bib1295]).

All together such a chemical-based challenging production of RV NCs and other NA chaperones turned out to have several advantages: (i) the quantity of peptide was easily adapted using various resin types and scales; (ii) the peptides were not contaminated by nucleic acid and cysteine residues were preserved from oxidation since purification was performed in acidic conditions and further handling carried out using oxygen free solutions in the presence of Zn^2+^; (iii) synthesis of NC fragments and/or replacement of key residues for structure activity analyses or substitution of natural amino acids for exotic ones (fluorescent derivatives, biotins, etc.) became routine procedures. This rendered possible a great deal of in vitro investigations on RV NCs ranging from structure analyses, NA binding, chaperoning and condensing activities to NC implications and functions in viral DNA synthesis and integration (see below).

Due to its merits this chemical protocol was also used to synthesize active SIV NCp8 ([@bib1025]) together with many other NC proteins from FIV, ASLV and yeast Ty3 as well as HIV-1 TAT, and HCV core and HBV core peptides ([@bib1120], [@bib1230]) as well as putative NA chaperone domains of cellular proteins such as the SEVI ([@bib1050]) and the human prion protein ([@bib0555]). All these peptides were found to exhibit potent NA binding, chaperoning and condensing activities in vitro under physiological like conditions (see below and data not shown for the SEVI).

2.4. Brief description of HIV-1 NC and NC--nucleic acid complex structures {#sec0030}
--------------------------------------------------------------------------

Three-dimensional structures of intact nucleocapsid proteins from HIV-1 have been determined using nuclear magnetic resonance (NMR) methods ([@bib1020], [@bib1280]). Additionally the dynamical behavior of the protein has also been studied using NMR methods ([@bib0900], [@bib1160]). Moreover, the structure of different NC--nucleic acid complexes has been solved by the same technique and data show that such nucleoprotein complexes are different while displaying some common features ([@bib0035], [@bib0120], [@bib0195], [@bib0435], [@bib1015], [@bib1255]). The contacts between NC and the NA partner involve electrostatic, hydrophobic ([Fig. 2](#fig0010){ref-type="fig"} ) and hydrogen bonds (not shown) components. The main features are that guanines bind deeply into the ZF1 and ZF2 hydrophobic pockets ([Fig. 2](#fig0010){ref-type="fig"}). With respect to NC protein alone ([Fig. 2](#fig0010){ref-type="fig"}a), the hydrophobic platform, formed of residues V13, F16, T24, A25, W37, Q45 and M46, undergoes important structure changes upon nucleic acid binding. In NC--RNA complexes, one guanine is inserted in the hydrophobic platform of each zinc finger and this insertion is stabilized by hydrogen bonding of the basic residues spread along the NC sequence (K14, K20, K26, R29, R32, K38) (not shown). In NC--DNA complexes only one guanine is inserted in ZF2 while a thymine partly interacts with ZF1 ([Fig. 2](#fig0010){ref-type="fig"}d). Another key structural feature involved in NC--NA complex stabilization is the strong stacking interactions between the guanine nucleobases and the ZF-aromatic residues (F16 for ZF1 and W37 for ZF2 see [Fig. 2](#fig0010){ref-type="fig"}b). There is an additional important difference between NC--DNA complexes (three complexes resolved ([@bib0120], [@bib0195], [@bib1015])) and the NC--RNA complexes (three complexes ([@bib0030], [@bib0435], [@bib1255])) where the orientation of ZF1 and ZF2 along the nucleic acid chain is opposite in NC--RNA complexes as compared to NC--DNA complexes.Fig. 2Three dimensional structure representations of free HIV-1 NC and bound to various RNA and DNA molecules. For the sake of clarity, only the major structural determinants of NC are shown here. The NC protein backbone is shown as a green tube and the two zinc atoms coordinated by the CCHC tetrad in each zinc finger are indicated as white spheres. Key hydrophobic interactions taking place between NC and the NA are highlighted here. In addition the hydrophobic residues contacting the nucleic acid are illustrated as spheres (with Van der Waals radius set at 0.75 to facilitate visualization). The F16 and W37 aromatic residues are in magenta and red, respectively, while other residues in ZF1 (V13, T24, A25) and ZF2 (Q45, M46) are in orange. The two nucleotides with the tightest hydrophobic interaction with the protein side chains are 2G residues in blue and yellow in (b) (NC--SL3 RNA complex ([@bib0435]), pdb1A1T), T and G in (c) (NC--PBS(−) DNA complex ([@bib0195]), pdb2jzw) and (d) (NC--minicTAR DNA complex ([@bib0120]), pdb2L4L). Relative to free NC (a) (pdb1esk ([@bib1015])), note that the hydrophobic interface is reorganized in the NC--NA complexes (b--d). In (b) the two guanines in blue and yellow are deeply inserted within the hydrophobic pocket formed by the zinc fingers. In (c) and (d), one guanine (G in yellow) is inserted in the ZF2 hydrophobic pocket while the thymine (T in blue) is on the exterior of the hydrophobic pocket. Also note that the T24, V13 and A25 residues are in close contact with the double stranded part of PBS(−) DNA in (c), while there is no such contact in the NCp7--SL3 RNA complex in (b).

3. The NC network of molecular interactions {#sec0035}
===========================================

Our comprehension of the nature of NC profoundly changed once it was realized that the RV NC could interact in multiple ways with NA (see [Fig. 2](#fig0010){ref-type="fig"}) and with distinct NA molecules at the same time and by so doing, NC has an impact on NA conformation. In fact the present view is that RV NCs are members of a growing family of nucleic acid binding proteins (NABPs) named RNA chaperones that are abundant in all living organisms and viruses where they perform essential functions ranging from gene transcription and regulation to mRNA translation and maintenance ([@bib0335], [@bib0745], [@bib1220], [@bib1325]). These chaperone proteins belong to a large class of intrinsically disordered proteins (IDPs) because they contain flexible/disordered domains ([@bib0505], [@bib1360], [@bib1400]) rich in basic residues and bind nucleic acids with broad sequence specificity and different modes (see [Fig. 2](#fig0010){ref-type="fig"}) ([@bib0745], [@bib1220]).

Such RNA chaperone proteins are indispensable partners of NAs because they assist RNA folding by preventing misfolding or by resolving misfolded RNA species ([@bib0335], [@bib0745], [@bib1220], [@bib1325]). This RNA folding assistance is essential to ensure that RNAs reach their correct functional conformation in a rapid manner under physiological conditions ([@bib1220]). Examples of cellular RNA chaperones with essential functions include the tumor suppressor P53, hnRNP A1, the major mRNA binding protein YB1/P50, the fragile X mental retardation protein FMRP and the Prion protein ([@bib0335], [@bib0525], [@bib0555], [@bib0810]). In this context RV NCs represent remarkable examples of multifunctional NA chaperones that drive the necessary structural rearrangements of the genomic RNA during the early and late phases of virus replication (see below; reviewed in [@bib0395], [@bib0920]). In addition RV NCs might well be endowed with protein chaperoning activity by providing assistance to the viral RT and IN enzymes during viral DNA synthesis and integration ([@bib0225], [@bib0250], [@bib0880], [@bib1125]; reviewed in [@bib0390]).

Based on simple and advanced in vitro assays to examine the properties of RNA chaperones that involve rearrangement of nucleic acid structures in physiological conditions (reviewed in [@bib0335], [@bib0610], [@bib1220]) other RV proteins with NA chaperone activities -- or with nucleic acid annealing activity -- have been identified and include TAT ([@bib0185], [@bib0180], [@bib0600], [@bib0845], [@bib0870]) and VIF ([@bib0110], [@bib0735]) that perform essential functions in HIV replication.

In conclusion the NA chaperoning activities of NC indicate that this small viral protein can direct NA structure remodeling so that the most thermodynamically stable conformations are gained ([Fig. 2](#fig0010){ref-type="fig"}). This remodeling reaction appears to rely on three essential NC properties, that are (i) its binding to NAs causing their condensation as large nucleoprotein complexes where molecular crowding can take place ([@bib0510], [@bib0895], [@bib1005], [@bib1395]), (ii) the partial destabilization of NA structures in an ATP-independent manner ([@bib0070], [@bib0125], [@bib0130], [@bib0160], [@bib0195], [@bib0705]) and (iii) a rapid on-and-off NA binding kinetics ([@bib0345], [@bib0350]). The mechanism whereby RV NC protein can remodel NA structures in an ATP-independent manner is yet poorly understood but it might be a direct consequence of the multiple modes of NC binding to single and double stranded RNA and DNA molecules ([Fig. 2](#fig0010){ref-type="fig"}, compare panels a with b--d) and the rapid on and off binding kinetics of NC possibly involving an entropy exchange between NC and the NA (see Section [6](#sec0065){ref-type="sec"} on NC flexibility) ([@bib0810]).

4. The multiple roles of NC nucleic acid chaperoning in viral DNA synthesis by reverse transcriptase {#sec0040}
====================================================================================================

4.1. NC as an essential cofactor of RT {#sec0045}
--------------------------------------

A canonical hallmark of retroviruses, shared by LTR and non-LTR retroelements, is their replication strategy that necessitates the reverse transcription of the genomic RNA (gRNA) by the viral DNA polymerase, known as reverse transcriptase (RT) during the early phase of virus replication that spans virus-cell recognition and entry to viral DNA synthesis and integration into the host genome. The double stranded viral DNA is synthesized by the viral RT during a succession of specific reactions that take place in an RT-complex (RTC) most probably corresponding to the viral nucleocapsid (reviewed in [@bib0395], [@bib0920], [@bib1175]). The overall process of reverse transcription necessitates profound structural rearrangements of the genomic RNA, the cellular primer tRNA and of the newly made viral DNA, which are all assisted by NC ([Fig. 1](#fig0005){ref-type="fig"}III and IV). Subsequently the viral DNA is imported into the nucleus within the preintegration complex (PIC) and ultimately integrated into the host cell genome, then called the provirus ([Fig. 1](#fig0005){ref-type="fig"}I--V).

It is not the purpose of this short review to provide once more a simplified scheme of the reverse transcription process which ultimately leads to the synthesis of a complete viral DNA flanked by the 5′ and 3′ LTR with the inverted repeats (ir) required for vDNA integration (see a number of reviews, i.e. [@bib0090], [@bib0920]).

The present view is that NC protein assists RT from the initiation to the completion of reverse transcription (RTion) to ensure fidelity and completeness of vDNA synthesis with the LTRs. This is achieved by means of complementary mechanisms. Firstly, NC chaperones a number of specific obligatory viral nucleic acid annealing reactions, namely primer tRNA annealing to the RTion initiation site (PBS), and the minus strand and the plus strand DNA strand transfers. Secondly NC protein possibly through direct interactions with both the NA and the RT enzyme ([@bib0495], [@bib0905]) appears to contribute to the fidelity of vDNA synthesis (i) by preventing minus strand and plus strand false initiations ([@bib0130], [@bib0680], [@bib0885]), (ii) by largely increasing the time of residence of active RT molecules on the genomic RNA template ([@bib0675]) and (iii) by eliciting a nucleotide excision-repair activity of RT ([@bib0085]; reviewed in [@bib0385]).

Thus NC can be considered as an essential cofactor of RT chaperoning both the viral NA annealing reactions and the RT enzyme in order to ensure fidelity and completeness of viral DNA synthesis. Hence NC could be viewed as a Janus chaperone assisting both nucleic acids and proteins to the benefit of their functional interactions ([@bib0860]).

At this point, it should be mentioned that two other viral factors, namely the viral trans-acting factor TAT and the viral infectivity factor VIF endowed with NA chaperoning activities ([@bib0735], [@bib0870]) can provide assistance to vDNA synthesis ([@bib0040], [@bib0185], [@bib0180], [@bib0840]). But this is still a debated issue since only low to very low amounts of TAT and VIF are found in virions. On the other hand, TAT and VIF could assist the initiation of vDNA synthesis which can already take place in the infected cell ([@bib0950], [@bib1330], [@bib1450]). Along this line, a cellular factor called SEVI present in abundance in the seminal fluid was found to be a potent NA chaperone resembling NC in vitro (Darlix, unpublished data) and to augment the level of vDNA synthesized in vitro and in cell culture ([@bib1050]). This same component of the seminal fluid was found to drastically increase the virus titer on primary human blood cells ([@bib1050], [@bib1460], [@bib1455]).

The potent NC chaperoning activity is also believed to drive recombination reactions during reverse transcription of the dimeric RNA genome ([@bib0565], [@bib0570], [@bib1090]). In fact the pseudiploidy of the RV genome constitutes the basis for forced and unforced recombinations ([@bib0770], [@bib0775], [@bib0855], [@bib1465]) in the course of minus strand DNA synthesis, which ultimately lead to the formation of a complete viral DNA despite nicks in each monomeric RNA. Moreover these NC-directed recombination reactions should cause the reassortment of specific genetic traits when the two RNAs are different as it is in heterozogous viruses, which constitutes the basis for a high level of viral variability as indicated by the presence of large quasispecies populations in HIV infected person ([@bib1380]). This rather high level of virus variability as indicated by high throughput sequencing analyses (HTPS) allows the virus to escape the immune response and HAART (highly active antiretroviral therapies) ([@bib0100], [@bib0580]). Thus the emerging view is that NC is central to the network of dynamic interactions taking place between RT, the dimeric RNA template and the viral cDNA being synthesized. This NC network fulfills two functions, firstly by ensuring the synthesis of a complete functional vDNA flanked by the LTRs and secondly by fueling the genetic diversity of newly made virus by reassorting genetic traits through recombination reactions to the benefit of HIV-1 fitness in vivo ([@bib0105], [@bib0175], [@bib1380]).

4.2. Impacts of zinc finger mutations on viral DNA synthesis and integration {#sec0050}
----------------------------------------------------------------------------

At this stage it should be mentioned that synthesis of a complete double stranded viral DNA flanked by the LTR is a slow process that takes 6--8 h in human T cell lines and up to 16--24 h in PBLs and macrophages that are the major cells infected by HIV-1 in vivo ([@bib0045]). Once vDNA synthesis is completed, NC is thought to protect the vDNA product against nuclease attack ([@bib0865]), notably the ir ends required for integration. In fact mutating either one of the highly conserved CCHC residues of the zinc fingers (ZFs) caused a lower affinity of NC for DNA in vitro and rendered the LTR ends accessible to nucleases in an in vitro model system containing the IN enzyme and the LTR DNA ([@bib0090]).

Along this line, early observations show that point mutations in the highly conserved CCHC ZFs resulted in the formation of incomplete LTR ends and in the production of replication defective viruses ([@bib0225], [@bib1300]) where viral DNA synthesis was partially impaired and at the same time being unstable ([@bib0465], [@bib0625], [@bib0630]). Additional results by Gorelick et al. also indicated that the integration reaction was impaired ([@bib0225], [@bib1320]), supporting the view that functional interactions exist between NC and IN as it stands between NC and RT since mutating the ZF strongly diminish NC--RT interactions ([@bib0495], [@bib0905]). The existence of critical interactions between NC and IN is further supported by the fact that NC can strongly stimulate concerted LTR DNA integration by IN under physiological conditions in vitro ([@bib0225], [@bib0250], [@bib0255], [@bib1125], [@bib1320]).

In conclusion, these findings support the view that NC and notably the CCHC ZFs play a central role in viral DNA synthesis, maintenance and integration possibly through chaperoning interactions with both the viral NAs and the viral enzymes.

4.3. NC and the timing of viral DNA synthesis {#sec0055}
---------------------------------------------

The interplay of NC with the viral replication machinery also extends into the late phase of the replication cycle corresponding to virus assembly and budding ([@bib0645]) (see below). As said before, the highly conserved CCHC ZFs flanked by basic amino acids are a hallmark of RV NC proteins and were originally shown to drive the specific packaging of the genomic RNA, most probably in a dimeric form, during RSV and MoMuLV virion formation ([@bib0635], [@bib0625], [@bib0755], [@bib0990], [@bib0995]).

Interestingly, active reverse transcription was shown to occur in newly made RSV, MuLV and HIV-1 virions ([@bib0950], [@bib1330], [@bib1450]; reviewed in [@bib0395]). More recently the impact of NC mutations on cDNA synthesis in newly made HIV-1 virions was investigated. In fact point mutations of the NC CCHC motif resulted in the formation of virions where the core was only partially condensed ([@bib0595], [@bib0660], [@bib0670], [@bib1300]). Moreover such virions were changed to DNA containing particles since they contained a rather large amount of vDNA including two LTR DNA molecules, and much less genomic RNA as compared to wild-type virions. This endogenous reverse transcription reaction was shown to occur in virus producer cells, most probably during morphogenesis of the ZF mutant virus ([@bib1315]; see review [@bib1045] and references therein).

These results indicate that NC exerts a dual control over the timing of viral DNA synthesis by RT, a positive one after viral entry in target cells, and a negative one that delays the process in the course of virus production ([@bib0760]; reviewed in [@bib1045]). Therefore, NC should be viewed as an essential viral component of the replicative machinery, a all-in-one small chaperone impacting on the timing, kinetics and completeness of reverse transcription from the initiation up to the synthesis of the complete viral DNA with the two LTRs and its maintenance ([Fig. 1](#fig0005){ref-type="fig"}).

As soon as the proviral DNA is imported into the cell nucleus and before its integration, viral genes can be expressed by the host cell transcription and translation machineries to produce the essential viral factors TAT, REV and NEF ([@bib1425]). The very early and efficient synthesis of TAT is central to the late steps of HIV-1 replication since it boosts provirus transcription by the cellular RNA polymerase B machinery.

5. NC, the nucleation of retrovirus assembly and structure switches {#sec0060}
===================================================================

Two distinct mechanisms of retrovirus assembly have been described so far and have been the subject of many reviews. In the first instance retroviral particles are preformed in the cytoplasm of infected cells and transported to the plasma membrane in the case of the betaretroviruses (MMTV, MPMV). In the second case, RV particles directly assemble underneath the plasma membrane (PM) as for alpha- and gammaretroviruses (ASLV and MLV, respectively) ([@bib0470]). Until recently, HIV-1 assembly was thought to follow the second mode ([@bib0800], [@bib0835], [@bib0830], [@bib1095]) but recent findings indicate that this may not be the sole mechanism. Indeed, according to several reports HIV-1 assembly can also take place in intracellular vesicles such as endosomes in human macrophages, and in T cells ([@bib0660], [@bib1100], [@bib1115], [@bib1165], [@bib1200]).

It is not the purpose of the present report to review the choreography of RV assembly and budding as there are many excellent reviews on the subject ([@bib0010], [@bib1180]), notably on the role of each Gag domain, including NC, in Gag trafficking and Gag-vRNA oligomer formation. However much less is known on how and where the very first step of RV assembly is taking place and the possible role of NC in this nucleation reaction.

The Gag polyprotein precursor contains all the signals and domains required for viral particle assembly, and as such it orchestrates the particle assembly from the nucleation step to virus release by budding ([@bib0875], [@bib1055], [@bib1290]). In infected cells, the unspliced viral RNA acts both as the messenger coding for Gag and Gag-Pol and as the genome to be recruited, dimerized and packaged into assembling Gag particles ([@bib0240], [@bib0490], [@bib0655], [@bib0925], [@bib1080]). But the full length (FL) viral RNA cannot fulfill both functions at the same time, thus raising a long standing issue on how the fate of the FL viral RNA, translation versus packaging, is regulated ([@bib0200], [@bib0945]). As originally reported for ASLV and MoMuLV and more recently for HIV and SIV ([@bib0055], [@bib0145], [@bib0150], [@bib0200], [@bib0220], [@bib0460], [@bib0740], [@bib0940], [@bib1085], [@bib1365]), Gag is synthesized by an IRES dependent mechanism whereby the active ribosomes directly bind to sequences within the 5′ untranslated region (UTR or leader) of the FL RNA, upstream of the initiator AUG of Gag. At this stage it is believed that newly made Gag molecules accumulate on or in the vicinity of the translating polysomes. Next or concomitant with translation, the nucleation step would take place via specific interactions between GagNC and the high affinity binding sites present in the IRES/Packaging signals within the 5′ UTR ([@bib0015], [@bib0115], [@bib0140], [@bib0300], [@bib0310], [@bib0305], [@bib0700], [@bib0910], [@bib0965], [@bib1210], [@bib1235]) for reviews ([@bib0290], [@bib0915], [@bib1055]).

This proposed mechanism stipulates that binding of several just-made GagNC molecules to the Packaging region of the FL viral RNA would render it inaccessible to translating ribosomes due to structural rearrangements of the 5′ UTR such as base pairing interactions involving the Gag AUG initiation codon ([@bib0005], [@bib0140], [@bib0360], [@bib0955], [@bib0960]). This together with bound Gag molecules ([@bib0785], [@bib0790], [@bib0795]) would cause a functional reorientation of the FL RNA from translation to dimerization and packaging ([@bib0730]) effectively starting Gag assembly where the FL RNA acts as the initial platform or scaffold ([@bib0235], [@bib0295], [@bib1060], [@bib1105]; reviewed in [@bib0240], [@bib0245], [@bib0395], [@bib0375]). As a result of the nucleation event is the targeting of the viral Gag--RNP complex to cellular membranes due to another conformational switch at the opposite end of Gag. In fact the N-terminal matrix myristyl group undergoes a switch whereby the myristate becomes accessible, enabling the anchoring of the Gag--RNP complex to cellular membranes to pursue and complete virus assembly ([@bib0535], [@bib0685], [@bib1205]).

Taken together, these findings suggest that the NC domain of Gag plays a major role in determining the fate of the genomic RNA and that this contribution will depend on both NC-induced RNA structural rearrangements ([@bib0785], [@bib0795]) and molecular crowding brought about by Gag molecules bound to the 5′ UTR via the NC domain ([@bib0005], [@bib0200], [@bib0395], [@bib0730]). In support of this possible mechanism, we found HIV-1 Gag--viral RNA complexes together with unbound Gag molecules cosedimenting with a fraction of polyribosomes of high sedimentation values (250--350S) purified from HIV-1 Gag-Pol expressing 293 cells (unpublished data). Upon addition of EDTA to dissociate the ribosomes from the RNA template, Gag--RNA complexes and free Gag molecules were recovered by sucrose gradient centrifugation (unpublished data).

6. Viral NC--RNA RNPs, fuzziness and functions {#sec0065}
==============================================

The all-in-one retroviral NC performs multiple functions in the virus replication cycle, during both the early and late phases, which represents a significant body of scientific research since its original description as a non-specific simple NABP. But how could NC be endowed with so many essential functions in virus structure, vDNA synthesis and viral particle morphogenesis?

Before providing a possible clue to the above question, one should remember the nature of NC with its structured zinc fingers flanked by disordered basic sequences driving specific and nonspecific interactions, respectively, with NAs ([@bib0030], [@bib0035], [@bib0120], [@bib0195], [@bib0435], [@bib1015]). This in turn can result in NA condensation ([@bib0865], [@bib0890], [@bib1005], [@bib1275], [@bib1305]) together with structural rearrangements as it occurs during reverse transcription. Thus NC--RNA and GagNC--RNA RNP complexes most probably represent the driving force behind the functions. Indeed NC-based oligomeric structures can be formed in vitro, and are easily seen by electron microscopy ([@bib0550]) as highly dense heterogeneous complexes exhibiting various sizes and forms. In these NC-based oligomeric structures multiple tight nucleoprotein interactions are holding together the NC and RNA molecules causing a molecular crowding phenomenon thus allowing many reactions to take place ([@bib0395], [@bib0375], [@bib0745], [@bib1175]). But at the same time these NC-based oligomeric structures are accessible to small ODNs and to the RT enzyme which can gain access to the RNA and perform cDNA synthesis with high efficiency. Therefore such NC-based oligomers are either porous or else highly dynamic, the latter being probably the case due to the rapid on and off binding kinetics of NC to the nucleic acid ([@bib0345]) together with different modes of interactions driven by the ZFs and/or the disordered basic domains (reviewed in [@bib0390], [@bib0815]). Taken together, these findings favor the notion that NC--RNA ribonucleoprotein complexes can be regarded as fuzzy flexible molecular assemblages where multiple different interactions between the viral NC and the NA ([Fig. 2](#fig0010){ref-type="fig"}) as well as with the RT enzyme and possibly IN are highly dynamic which is essential during the early steps of RV replication.

The functionality of such fuzzy nucleocapsid assemblages is also illustrated by the dimeric nature of the genomic RNA, which provides the basis for multiple forced and unforced recombination reactions during vDNA synthesis by RT ([@bib0765], [@bib0775], [@bib0855], [@bib1090]). These recombinations are chaperoned by NC and fulfill two functions, formation of a complete viral DNA by RT in conditions where each RNA monomer contains nicks, and reassortments of specific genetic traits when the two monomers are different, which fuels a high level of genetic diversity resulting in a quasispecies population in HIV-1 infected persons ([@bib1380]).

7. Anti-NC drugs: an exciting challenge {#sec0070}
=======================================

Since resistant HIV-1 strains have been identified for each of the clinically available antiretroviral drugs targeting the viral enzymes, namely RTi, PRi, INi (reviewed in [@bib0415], [@bib0420]) there is an urgent need to identify new molecules preferably targeting viral proteins not yet targeted by available therapies. Due to its high degree of conservation and to its multiple fundamental roles in HIV-1 replication, NC constitutes a highly promising target. Since the NC properties and functions largely rely on its zinc fingers, the latter were selected as the primary target for developing zinc ejectors able to eject the zinc atoms from the NC fingers, resulting in NC and the concomitant total loss of HIV-1 infectivity. Starting from 3-nitrosobenzamide, the first identified zinc ejector ([@bib1185]) various classes of compounds were designed (reviewed in [@bib0455], [@bib0620], [@bib1070], [@bib1355]). These compounds were found to show strong antiviral activity against a large spectrum of HIV-1 strains and elicit little viral resistance. A few of them were tested in clinical assays ([@bib0615], [@bib1350], [@bib1370]) that were unfortunately not conclusive. In fact, these compounds showed limited selectivity and thus were quite toxic, preventing their use in HAART protocols. Current efforts are directed toward the development of zinc ejectors to be used as topical microbicides in the prevention of sexually transmitted HIV-1 infection ([@bib1260], [@bib1385]). In this respect, S-acyl-2-mercaptobenzamide thioesters (SAMT) ([@bib0820]) and more recently 2-methyl-3-phenyl-2H-\[1,2,4\]thiazol-5-yideneamine (WDO-217) ([@bib1375]) were found to constitute valuable candidates for topical microbicide formulations.

As an alternative to zinc ejectors, non-covalent NC inhibitors (NCis) were developed as possible antiretroviral therapeutics with greater specificity and thus less toxicity than zinc ejectors. Two main classes of compounds were identified, namely (i) non-covalent NCis binding to NC and (ii) non-covalent NCis binding to nucleic acid partners of NC. Within the first class, high throughput screenings were performed to identify small molecules able to inhibit the NA-binding ([@bib0210], [@bib1270]) and chaperone properties ([@bib1240]) of NC. Compounds able to bind NC with an affinity in the micromolar range, but with only modest anti-HIV activity were obtained, indicating that these compounds still need to be optimized. An important step toward the rational optimization of NCis has been recently achieved by the resolution of the first 3D structure of a complex between NC and an NCi ([@bib0650]). In this complex, the NCi was found to bind preferentially within the hydrophobic pocket of NCp7 performing a π--π stacking interaction with the side chain of Trp37, and thus, behaving as a guanosine mimetic. Moreover, a second NCi molecule was found to bind NC by connecting the hydrophobic pocket with the N-terminal region. Another key progress was achieved by the application of molecular dynamics simulations and molecular modeling studies on NMR structures of NC in complex with oligonucleotides to identify pharmacophoric hot-spots for NCis to compete with NAs for the NC binding sites ([@bib1030], [@bib1035]). Based on this knowledge, a virtual screening was performed and NCis with antiviral activity in the low micromolar range were identified ([@bib1040]), indicating that this strategy constitutes a promising approach to develop and improve NCis. In parallel, methylated oligoribonucleotides (mODNs) able to inhibit HIV-1 replication in MT4 cells with an IC50 value of 0.3 nM were recently disclosed ([@bib0665]). These molecules were found to impair reverse transcription, both by sequestering NCp7 molecules ([@bib0065]) and by direct interaction with reverse transcriptase. Unfortunately, HIV-1 mutants resistant to these mODNs were obtained, so that their development was stopped.

A second approach to inhibit NC functions is to target the NA sequences interacting with NC during HIV-1 replication. Of special interest are the stem-loops of the 5′ untranslated leader of HIV-1 RNA, which control viral translation and virus assembly through their interaction with NC. Various classes of molecules such as aminoglycosides, intercalators, anthraquinones and small peptides were designed or screened to target the stem-loops of the ψ packaging signal ([@bib0155], [@bib0475], [@bib0540], [@bib1150], [@bib1340], [@bib1345], [@bib1390]), as well as the PBS and/or the TAR sequence ([@bib1155], [@bib1245]). These compounds were able to prevent the interaction of NC with its NA targets or dissociate the already formed nucleoprotein complexes, but showed only limited anti-viral activity ([@bib0475], [@bib0520], [@bib1155], [@bib1245]). As for NCi directly targeting NC, it is believed that the structural determinants and the in vivo mechanism of action of NCis targeting the NA targets of NC need to be further understood in order to rationally design the next generation of compounds.

8. Conclusion {#sec0075}
=============

As it stands now, RV NC oligomers resemble fuzzy RNP assemblages that probably also exist in simple RV such as ASLV and MuLV and in ancient retrotransposons of yeast such as TY3. NC appears to be central to the formation of such fuzzy assemblies, and by coordinating under a dynamic mode multiple NA:NA, NA:NC and NC:enzymes interactions it fulfills multiple functions from the inner structure of the viral particle to vDNA synthesis and integration ([@bib0815]). In addition the dimeric nature of the viral genome is very well accommodated in such vaguely ordered replication machinery, which ensures a genetic diversity of the virus fueled by multiple recombination events. In the case of HIV-1, this turns out to be sufficient for the virus to escape HAART therapies and specific immune responses.

From a general perspective with the aim of better understanding the functions of viral nucleoproteins, the core proteins of *flaviviruses*, *hepadnaviruses* ([@bib0805]), *paramyxoviruses* ([@bib0930], [@bib0935]) and *coronaviruses* ([@bib0275], [@bib0270]) were studied. In all cases examined so far, it turned out that such viral nucleoproteins, contained intrinsic disordered domains, were forming dense nucleoprotein complexes upon binding to NAs and were endowed with potent NA chaperoning activities ([@bib0810], [@bib0930], [@bib0935]).

Therefore, the determination of the composition of such fuzzy viral functional complexes and of the multiple dynamic interactions in these complexes ([Fig. 2](#fig0010){ref-type="fig"}) is central to the identification of possible druggable sites in viral nucleoprotein cores from highly pathogenic viruses such as HIV, HCV, HBV, MV and SARS *coronavirus* ([@bib0285], [@bib0355]).
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